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Vertebrate ligands for Notch
Newly discovered potential ligands for the Notch family of cell-cell
signaling receptors illuminate the importance of lateral signaling during
development and promise to help unravel signal transduction by Notch.
During embryonic development, a cell's fate is deter-
mined by an interplay of environmental signals and
heredity. Studies of invertebrates have identified a type
of environmental signaling known as lateral inhibition,
mutual inhibition or lateral specification [1]. Such signals
are transmitted between cells in direct contact with each
other, and are thought to explain how distinct cell types
emerge from a group of cells that have otherwise equiva-
lent potentials. In the best understood example, the
decision between so-called AC and VU cell fates in the
nematode Caenorhabditis elegans [2], each of two cells that
are in direct contact with each other has the capacity to
become an anchor cell (AC), but stochastically only one
adopts the AC fate while the other adopts the ventral
uterine precursor (VU) fate. It is thought that when one
cell chooses its fate, it sends a signal to its neighbor,
inhibiting the neighbor from assuming the same fate and
directing it to assume an alternative fate. Lateral signaling
appears similarly to guide the development of numerous
structures in invertebrates in which initially equivalent
cells give rise to more than one cell type.
Genetic and biochemical studies in invertebrates indicate
that one means by which a lateral signal may be trans-
mitted is via the Notch/Lin-12/Glp-1 family of trans-
membrane proteins [1]. These are thought to serve as
receptors which are activated on binding a member of
the emerging DSL (Delta-Serrate-Lag-2) family [3] of
putative ligands. Members of the DSL family are also
transmembrane proteins, so activation of the receptor
requires contact with an adjacent cell. Because both cells
may express ligand and receptor simultaneously, signaling
may occur in both cells prior to the ultimate choice of
fate [4,5]. Apparently, the cell receiving less signal than
its neighbor reduces its expression of ligand and increases
its expression of receptor [6]; the cell receiving more sig-
nal acts in a reciprocal manner. How cells compare sig-
nals, and how these signals lead to regulation of gene
expression, are areas of active investigation.
Three highly conserved vertebrate Notch family mem-
bers have been identified [1], each of which is widely
expressed during embryogenesis. This has fueled specula-
tion that the process of lateral signaling occurs in verte-
brates in a similar way to invertebrates. Evidence that
signaling through Notch plays a role in cell fate in verte-
brates has relied upon activated versions of vertebrate
Notch molecules [7-9]. Because of the lack of an identi-
fied ligand for vertebrate Notch, such experiments leave
open the possibility that the effects of an activated Notch
do not mimic endogenous signaling. The recent identifi-
cation of vertebrate members of the DSL family [10-13]
promises to clarify our understanding of lateral signaling
in vertebrate development.
Vertebrate DSL homologs
The vertebrate DSL family has at least six members that
fall into two structural classes, bearing homology to
either Delta or Serrate, the two identified ligands for
Notch in Drosophila. The first to be identified was Jag-
ged, a rat homolog of Serrate isolated from Schwann cell
cDNA [10]. A homolog of Delta was isolated indepen-
dently and named Deltal [11,12] or Dll (for Delta-like)
[13], and this homolog is highly conserved in chick,
Xenopus and mouse. Cloning using the polymerase chain
reaction (PCR) has yielded three more Delta homo-
logs and two Serrate homologs (D. Henrique, personal
communication).
The vertebrate homologs show a high degree of structural
conservation (Fig. la,b), especially in their EGF-like
repeats (originally identified in epidermal growth factor,
EGF) and in the 'DSL domain' (Fig. lb), which is similar
to an EGF-like repeat [3] and is thought to be essential
for binding to Notch [14]. The multiplicity of these
potential ligands and receptors raises the question of
whether all DSL family members interact with all verte-
brate Notch homologs, or whether some selectivity exists.
In invertebrates, cross-talk between ligand and receptor
pairs is known to occur [3,15], and the same may be true
for vertebrates, as Drosophila Delta can interact with
Notch homologs across species [16,17].
Signal transduction and effects on cell fate
Insights into the molecular and cellular events subse-
quent to Notch signaling in vertebrates have previously
been obtained using constitutively activated derivatives
of Notchl [7-9], generated by removing all or part of
the extracellular domain. Such activated 'intracellular'
derivatives have profound inhibitory effects on myogen-
esis and neurogenesis during Xenopus development and
in mammalian cell culture systems that undergo differ-
entiation [7-9]. A molecular explanation for its effects
on myogenesis is provided by the observation that the
activity of MyoD and other basic helix-loop-helix
(bHLH) transcription factors is inhibited in the presence
of the activated Notchl ([8] and R.K. and H. Wein-
traub, unpublished observations). As bHLH proteins are
necessary for the differentiation of many embryonic
tissues, including neurons, lymphocytes and muscle, a
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Jagged inhibits myogenesis in vitro
Lindsell and colleagues [10] exploited the assay for myo-
genesis in vitro [8] to demonstrate that the Serrate
homolog Jagged can activate Notchl to inhibit myogen-
esis. Jagged was expressed at the surface of fibroblasts
which were then mixed with myoblasts in culture. The
resulting inhibition of myotube formation was virtually
complete, required Notchl on the myoblasts, and was
accompanied by a decline in the level of expression of
muscle-specific genes. This reduced expression of myo-
genin and other muscle-specific genes is likely to be a
consequence of Notch's inhibitory effects upon one or
several of the bHLH proteins that induce myogenesis and
function upstream of myogenin [20]. An important test
of this model will be to determine whether activation of
Notchl by Jagged can suppress myogenesis by directly
inhibiting the transcriptional efficacy of MyoD, in a
manner similar to that occurring with activated Notchl.
Fig. 1. The Delta-Serrate-Lag-2 family. (a) Delta and Serrate
family members all have a signal sequence (dark gray) and a sin-
gle transmembrane domain (black). The amino-terminal DSL
domain (pink) is followed by a variable number of EGF-like
repeats (green). Serrate and Jagged have insertions (yellow) that
interrupt some of the EGF-like repeats, and also bear a cysteine-
rich repeat on the extracellular domain (blue). Delta and Deltal
have some homology in the intracellular domain (orange);
Jagged and Serrate do not. Lag-2, which has a PEST sequence
(blue), and Apx-1 from C. elegans cannot be assigned to either
the Delta or Serrate classes of proteins. (b) Alignment of the DSL
domains from vertebrate and invertebrate molecules shows con-
servation of spaced cysteines and intervening residues. A con-
sensus of fully conserved residues is shown below (highlighted
in yellow), and common residues are indicated with bold letters.
model in which Notch signaling inhibits bHLH-regu-
lated transcription may explain how Notch affects the
development of these cell types. Activated Notchl does
not adhere directly to MyoD or to promoter sequences,
suggesting that the effects of Notch upon transcription
are mediated by another protein. In Drosophila, there is
evidence to support such a role for the Suppressor of
Hairless (Su(H)) protein [18]. Analogously, the mam-
malian homolog of Su(H) [19], known as RBP-JK, may
serve to mediate the effects of Notchl on transcription
in mammalian cells (A. Israel and R.K., unpublished
observations).
Studies with intracellular Notch have also revealed a
surprising property of the activated protein: inhibition of
transcription by the truncated mouse Notchl protein
depends upon its nuclear translocation [8]. This obser-
vation suggests a novel model of signal transduction,
whereby a cytoplasmic fragment of Notchl is cleaved
and migrates to the nucleus, where it exerts its effects.
Although translocation of intracellular domain deriva-
tives to the nucleus has been observed for several Notch
family members, no release of the intracellular portion of
the corresponding wild-type proteins has been reported.
Although the effects of Jagged in a cellular assay of myo-
genesis are clear, its role in embryogenesis remains elusive.
Jagged is not expressed where muscle is made, in the
somite or myotome, so its effects on myogenesis in vitro
may not be relevant in vivo. Jagged is expressed in many
other tissues, including the neural tube, where its pattern
of expression overlaps with those of the three Notch pro-
teins. One of these may be the receptor for Jagged,
suggesting a possible function in later neural differentiation.
Deltal and Notch in mesodermal differentiation
There is increasing evidence to support a role for Notch-
Delta signaling during differentiation of the somites.
Studies of Notch 1-null mutant mice reveal a subtle abnor-
mality in somite condensation, implicating Notchl in the
formation of the epithelial somite [21]. As Notchl-null
mice do not survive past mid-gestation [22], there is no
clear information regarding Notch I function in myogene-
sis or neurogenesis. It is expressed at high levels in the
presomitic mesoderm, but is lost following condensation
of the somite [23,24]. In contrast, Notch2 is expressed in
recently formed somites [22].
Delta I expression in the mesoderm is dynamic, initiating
in the gastrula and peaking in the presomitic mesoderm
[11,13]. Following somite condensation, Deltal expres-
sion diminishes but remains detectable in the posterior
half of the most recently condensed somites, and subse-
quently only in the myotomal cells [13]. Such a pattern
provides ample opportunity for an interaction between
Deltal and Notchl prior to somite condensation, and
between Deltal and Notch2 following condensation and
in the myotome. Perhaps Deltal activates Notchl during
somite condensation and Notch2 to regulate myogenesis.
Notch-Delta signaling in neurogenesis
Neuronal fate determination is the arena in which the
role of Notch and Delta has been best understood in the
fly, and to a lesser extent the same holds in vertebrates.
Introduction of activated Notchl into Xenopus embryos
extends the period of competence of neuronal precursors
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Fig. 2. Expression of Delta I and the emergence of neurons in Xenopus embryos. (a) Three stripes of Deltal expression, medial (M), intermedi-
ate (I) and lateral (L) at the neural plate stage. (b) Early neural markers appear in three stripes during the folding of the neural plate. (c) Primary
neurons emerge in three domains corresponding to the three original stripes of Deltal expression, ventral (V), intermediate (I) and dorsal (D).
to differentiate into neuronal fates [7]. Moreover, activated
Notchl prevents neuronal precursors from differentiating
into neurons in mammalian embryonal carcinoma cell
lines; cells persist as undifferentiated precursors expressing
the intermediate filament protein Nestin [9]. In contrast,
gliogenesis is unaffected by Notchl signaling in these cells
[9]. Consistent with these observations, cells of the Xeno-
pus retina lipofected in vivo with activated X-Notchl fail
to differentiate into neurons, but persist as apparently
undifferentiated retinal precursor cells [25].
Another clear example of a role for Notch in neurogenesis
is provided by the chick retina [17]. Retinal precursor cells
give rise to a small subpopulation of ganglion cells when
grown as dense aggregates. The number of ganglion cells
generated in vitro resembles the limited number of gan-
glion cells generated in vivo, but when aggregates are
dissociated nearly all of the cells adopt a ganglion cell
phenotype, indicating that most precursors have the cap-
acity to become ganglion neurons. A series of detailed
studies has now provided evidence that the inhibitory sig-
nal that keeps the number of ganglion neurons low in
dense aggregates and in vivo is mediated by Notchl.
Consistent with previous studies, Austin et al. [17] show
that the number of precursor cells choosing a ganglion
cell fate is reduced by activated human Notchl. More
importantly, reduction of endogenous chick Notchl
levels by antisense oligonucleotides increases the number
of ganglion neurons that emerge, suggesting that chick
Notchl normally functions to keep the number of gan-
glion neurons low. Deltal is expressed in the retina and is
a good candidate ligand for Notch 1 there. Indeed, mix-
ing of insect cells expressing Drosophila Delta, but not
control insect cells, with retinal precursor cells, repro-
duces the inhibition of ganglion neuron formation seen
in dense aggregates. This result suggests that Drosophila
Delta mimics a vertebrate ligand and presumably activates
chick Notch to regulate ganglion cell neurogenesis.
A good case is made in the current papers [12] that the
central nervous system uses Notch-Delta signaling to
determine the number of primary neurons that arise from
precursors in Xenopus embryos. When the newly discov-
ered X-Deltal is injected into early embryos, it reduces
the number of primary neurons that form [12], as con-
firmed by a loss of the neuronal markers N-tubulin and
isletl. There are, however, still some unexplained results.
For example, activated forms of X-Notchl mimic the
effects of Deltal while causing an increase in the number
of apparent neuronal precursor cells [7,12] and other
developmental defects [8]. This might be due to non-
physiological levels of Notch signals, or because Notch
normally interacts with other ligands. Although this
result implies that X-Deltal and X-Notchl have a cen-
tral role in regulating the number of neuroectodermal
precursor cells that choose a neural fate, it remains to be
shown that Deltal normally exerts its effects solely by
activating Notchl.
Delta 1 is expressed in the neuroectoderm in only a subset
of neural plate cells, consistent with the hypothesis that
cells expressing high levels of Deltal will become neu-
rons. In the Xenopus neural plate, X-Delta 1 is expressed in
three stripes on each side (Fig. 2a). These stripes precede
and predict accurately the three bilateral regions of pri-
mary neurons (dorsal, intermediate and ventral), which
arise out of the neural plate after folding and growth (Fig.
2b,c) [12]. Thus, in the developing central nervous sys-
tem, Deltal seems to be a reliable marker of prospective
neurons that precedes any known phenotypic marker.
Cells expressing Deltal are a subset of Notchl-expressing
cells, and in the chick, these cells have largely withdrawn
from the cell cycle, consistent with a commitment to
early neuronal differentiation [11].
A high level of Deltal expression in presumptive neurons
is consistent with models of the regulation of lateral sig-
naling components [6]. In the AC/VU cell-fate decision
of C. elegans, cells that have chosen the AC fate up-regu-
late the ligand (Lag-2) and down-regulate the receptor
(Lin-12). By analogy, cells that choose a neural fate in
vertebrates would undergo an up-regulation of Deltal
following this decision, in turn increasing the lateral signal
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to a neighboring cell, directing it not to assume a primary
neural fate. Concurrently, the high levels of Delta in
these cells would mark them as prospective neurons, prior
to any overt neuronal differentiation. Consistent with this
model is the observation that the activated X-Notchl not
only represses neurogenesis but also prevents the up-
regulation of Deltal. However several pieces of the puzzle
await further study. Conclusions about the role of Delta 1
are based upon a correlation of its expression pattern with
the pattern of neuronal emergence. It has not been
proven that cells expressing high levels of Deltal1 corre-
spond to those selecting a primary neuronal fate; more-
over, no concomitant regulation of X-Notch I is observed.
Dominant-negative Delta
Surprisingly, Chitnis et al. [12] provide evidence that
X-Deltal may have a role in signal transduction other
than serving as a simple, membrane-spanning ligand. An
X-Deltal derivative that has its intracellular domain
truncated increases the number of primary neurons in
Xenopus embryos, an action opposite to that of either
full-length X-Deltal or activated Notch-1. These effects
are apparently dominant over the endogenous Deltal but
can be reversed by co-injecting a large quantity of wild-
type X-Deltal. How could a Deltal mutation give rise
to a dominant-negative effect? The possibility that the
intracellular domain of Deltal has some function is raised
by these results. One hypothesis [14] based upon a similar
result in Drosophila suggests that Delta forms oligomers
through its intracellular domain, and that only oligomers
activate Notch. A Delta molecule missing its intracellular
domain might bind to Notch but fail to activate it, inter-
fering with the ability of wild-type Delta to bind to the
receptor and so producing a dominant-negative effect. It
is also possible that Delta molecules require activation by
modification of the intracellular domain, or that Delta's
intracellular domain is required for regulating Notch
molecules on the same cell.
It is now clear that Notch signaling is central to vertebrate
neurogenesis, determining in part the number of precur-
sor cells that choose a specific neuronal fate in the retina
and central nervous system. However, it is not known
which Notch and which ligand is operative for any partic-
ular cell-fate decision, nor is it yet apparent what cellular
destinies are adopted by cells so inhibited from neurogen-
esis. Nonetheless, the recent experiments imply that some
or all of the cells of the neuroectoderm and embryonic
retina are equipotential and represent a proneural equiva-
lence group capable of differentiating into neurons but
inhibited from doing so by the effects of Notch signaling.
Lateral signals thus occupy a crucial position in the hierar-
chy of developmental information, overlying and temper-
ing the inductive and hereditary forces that drive differen-
tiation. Expression of Notch and Delta is found throughout
neurogenesis, and into adulthood in some regions 0.S.N.
and R. Axel, unpublished observations). It remains to be
seen how Notch signaling affects later decisions in neuro-
genesis and other developmental cell-cell interactions.
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